Buildings are responsible for 40% of the total energy use and 36% of total GHG emissions within the EU. Materials science offers solutions that when combined can offer energy savings in building sector. In this study, high reflectance coating and thermal storage capacity are combined with the aim of improving energy efficiency in buildings. For this issue a multifunctional pigment having a phase change material adsorbed on its surface and a high total solar reflectance has been manufactured.
Introduction
Buildings are responsible for 40% of the total energy use [1] and according to the European Commission 80% of the population will be living in already existing buildings by the year 2030 [2] . One measure that can contribute to improve energy sustainability is to increase the energy efficiency in existing buildings [3] .
Materials industry can provide different solutions addressing building refurbishment oriented to energy savings at an affordable cost [4] . In this sense, high reflectance outdoor coatings and phase change materials are proposed as promising technologies.
Phase Change Materials (PCMs) are products capable of storing and releasing thermal energy within the temperature of the melting and freezing processes [5] . These materials are being integrated in different building components -after encapsulation process-with the aim of reducing energy consumption for space conditioning [6] . There is a need of new or modified encapsulation methods economically available [7] . A previous work presented a hexadecane/pigment composite as one promising alternative and a scalable solution when capillary impregnation method is applied [8, 9] and that can be integrated in commercial paints.
The cool material technology presents a cost effective passive technique that can impact directly in the energy consumption of buildings [10] . These coatings reflect sunlight radiation in the infrared part of the spectrum (the half of the solar radiation) [11, 12] .
Combination of technologies can help to achieve a superior energy performance within buildings [13] . Both cool roof and PCM roof can help to decrease the cooling load demand [14] . A coating having high reflectivity can contribute to reduce the amount of absorbed radiation, and the PCM approach can reduce the sensible heat.
Ultramarine blue pigment (UB) is an inorganic low-cost pigment with high pigmentary properties that is commonly used in construction sector.
The aim of this study is to develop a cool pigment based on ultramarine blue and providing thermal storage capacity. The strategy to modify this conventional pigment into a Multifunctional pigment for energy saving is to impregnate the pigment with a phase change material and coat it with a coating containing nanoparticles obtaining a pigment with high Total Solar Reflectance. This multifunctional pigment is suitable to be dispersed in different constructive materials (polymers, concrete, paint). The high reflection provided by the pigment will give to the material surface level effect acting with sunlight radiation. The thermal storage capability will give to the material a bulk level effect acting by temperature changes. The combination of both effects will contribute to energy savings in construction sector.
Experimental

Materials and methods
A standard ultramarine blue pigment based on the crystal chemistry of the royal blue Sodalite mineral Lazurite [Na6Ca2Al6Si6O24(Sn,SO4)2] produced by Nubiola Pigmentos S.L. was used ( Table 1 [UM]). Laboratory grade hexadecane (C16H34) from Scharlab was used as the phase change material.
The Hexadecane/pigment composite was fabricated by capillary impregnation method using following process conditions: Ratio Pigment:Hexadecane of 1:1.5; a processing time of 10 minutes; a processing temperature of 25ºC and using petroleum ether as the cleaning strategy. After the process, the pigment was dried in an oven at 60ºC during 24 hours. The Hexadecane/pigment composite was coated with a reflecting film based on TiO2 matrix containing titania nanoparticles (consisting of 71% anatase and 27% rutile with a primary size of 21nm purchased from Sigma-Aldrich). With this aim, the hexadecane/pigment composite was put in dispersion in water at 50g/l. An hydrolyzed solution of titanium (IV) n-butoxide containing a 6%wt. of titania nanoparticles (with a primary size of 21nm purchased from Sigma-Aldrich) was then added drop by drop to this dispersion. Once the solution was added, obtained pigments were filtered and cured at 60ºC during 12 hours ( 
Characterization techniques
Total Solar Reflectance (TSR) is the percentage of irradiated energy that is reflected by an object. TSR of the painted substrates was measured in a Perkin Elmer Lambda 950 UV/Vis/NIR System in the wavelength range from 300 to 2500 nm according to ASTM G173and using poly-tetrafluoroethylene (PTFE) as the white standard.
The lightness (CIELAB lightness L *) of the painted substrates was measured in a Perkin Elmer Lambda 950 UV/Vis/NIR System in the wavelength from 380nm to 780nm. The TSR of two materials can be compared if their tinting strength (DL) is the same, so a relation between DL (lightness) and TSR for each material was established by preparing paints with different percentages of pigment.
The thermal storage capability of the pigments was tested using Differential Scanning Calorimetry measurement that was carried out using a DSC (Mettler Toledo HP DSC827) under nitrogen atmosphere (50 ml/min), using around 5mg as a sample weight in a sealed aluminum pan. A dynamic method with a temperature ranged from -10ºC to 50ºC at a rate of 5ºC/min was used. Melting point, crystallization point and the latent heat of fusion and crystallization of pigments were calculated.
The thermal performance of the pigments was evaluated by using painted stainless steel substrates in a simulated experiment (with boxes) comparing UM, F and MF behavior.
The evaluated effect was mainly the one related to the surface (high reflectance property) as to be capable of measuring the bulk effect; the pigment must be dispersed in a bulk material to have enough thermal storage capability.
Results and discussion
Chromatic properties & NIR reflectance analysis
Total Solar Reflectance and Lightness were measured in paints containing different percentages un-modified (UM), functional (F), multifunctional pigment (MF) and the raw paint (Reference). An interior water-based paint was selected as the matrix and the pigments were mechanically dispersed. Stainless steel substrates were painted with a layer of 50µm of thickness. For each pigment, the linear equation relating TSR and DL was calculated (see Figure Fig Once, the equation is defined, the TSR for a standard DL value of 65 was calculated obtaining a 58.16% of TSR for the UM pigment, 66.65% for F pigment and 67.16% for the MF pigment. The paint containing the multifunctional pigment provides a TSR a 15% higher than the one obtained with the paint containing the unmodified pigment for a standard DL of 65.
Thermal energy storage capability
The obtained sample (MF) was analyzed by DSC (with the conditions previously detailed) to measure the latent fusion heat and crystallization as well as the melting and crystallization point values. Table 3 summarizes the obtained thermal properties of the MF pigment compared with the properties obtained for the raw phase change material (hexadecane). The developed multifunctional pigment provides a Latent heat of fusion of 37 J/g (around a 17%wt. hexadecane adsorbed in the pigment). The MF pigment starts melting at 16.5ºC and finalizes its melting at 21ºC (see the thermogram in Figure 2 ) while the raw hexadecane melts in the range between 17.5ºC and 21ºC. and summer respectively. Since most of the energy is spent for heating purposes, rather than for cooling, a PCM with a freezing/melting range around 20 ºC is adequate, so MF pigment is a promising candidate for building energy efficiency.
Effect of cool colored coating testing the inside air temperature
ABS (Acrylonitrile butadiene styrene) boxes (4x4x4cm) were manufactured and covered with colored stainless steel substrate on their top. An infrared lamp (Philips, BR125IRRed, 250W), was put above the box being the distance between lamp bottom and the box top 30cm, the boxes were irradiated during 20 minutes. Hand Held Four
Channel Type K Thermocouple Datalogger with a PFA insulated thermocouple with an operating range from -75ºC to +250ºC, a resolution of 0.1ºC and an accuracy of ±0.2%
of reading, was used to record interior air temperature of the centre or the box (T2) and also to measure the interior surface of the roof (T1) (see Figure 3) . In order to evaluate the thermal performance of the developed pigments at surface level, a substrate painted with a paint containing the unmodified pigment was tested and also a substrate painted with a paint containing the F and MF pigment were tested in the same conditions. As has been explained before, the Solar Reflection of two materials can be compared if their tinting strength (DL) is the same. For this reason, paints with the same DL were prepared being necessary to use different percentages of pigment on each case (see Table 4 ). The results of the experimental simulation conducted under the same condition, are shown in Figure 4 . This test was designed to measure mainly the surface level effect (the effect related to the total solar reflectance) as the stainless steel substrates were painted with a layer of 50µm of thickness being too thin to observe any bulk effect. Table 5 shows the recorded temperature for each substrate after the 20 minutes of the experiment. The interior surface of the roof (T1) and the interior air temperature (T2) differences increased gradually in all the cases. As was expected, the main contribution for the thermal regulation effect is provided by the high reflectance property of the pigment.
More than the 75% of the temperature reduction of the interior air temperature (T2) is given by the Solar Reflectance of the pigment. This issue is explained by the low latent heat given by the phase change material to the final material due to the thickness of the paint. As was explained before, the high reflection provides surface level effect acting with sunlight radiation and the thermal storage capability provides a bulk level effect acting by temperature changes ( Figure 5 ). The durability of the pigment containing the phase chase material was also assessed by testing its long term degradation behavior against time and against cycling [8, 9] .
Conclusions
In this study, a multifunctional pigment based on ultramarine blue pigment, having a high reflectance and thermal storage capacity has been developed. Hexadecane/pigment composite was fabricated by capillary impregnation and was further coated with a reflecting film based on TiO2 matrix containing titania nanoparticles. The developed multifunctional pigment provides a Latent heat of fusion of 37 J/g and a paint containing the multifunctional pigment provides a TSR a 15% higher than a paint containing the unmodified pigment (for a standard DL of 65).
The thermal performance of the pigment was evaluated and compared with the reference by using painted stainless steel substrates in a simulated experiment. A difference on the interior air temperature of 4ºC was obtained while a temperature difference of 5.3ºC was obtained for the interior surface of the roof.
Although the test was designed to measure the surface level effect (high reflection), the contribution of each functionality (thermal storage and high reflection) to the thermal regulation effect was proved. In the tested conditions, more than the 75% of the interior air temperature reduction (T2) is associated to the Solar Reflectance of the pigment.
